.-This study evaluated intestinal absorption from the first 75 cm of the proximal small intestine during 85 min of cycle exercise [63.6 6 0.7% peak O 2 consumption (V O 2 peak )] while subjects ingested either an isotonic carbohydrateelectrolyte beverage (CHO-E) or a water placebo (WP). The CHO-E beverage contained 117 mM (4%) sucrose, 111 mM (2%) glucose, 18 meq Na 1 , and 3 meq K 1 . The two experiments were performed a week apart by seven subjects (6 men and 1 woman; mean V O 2 peak 5 53.5 6 6.5 ml · kg 21 · min 21 ). Nasogastric and multilumen tubes were fluoroscopically positioned in the gastric antrum and duodenojejunum, respectively. Subjects ingested 23 ml/kg body weight of the test solution, 20% (383 6 11 ml) of this volume 5 min before exercise and 10% (191 6 5 ml) every 10 min thereafter. By using the rate of gastric emptying (18.1 6 1.1 vs. 19.2 6 0.7 ml/min for WP and CHO-E, respectively) as the rate of intestinal perfusion, intestinal absorption was determined by segmental perfusion from the duodenum (0-25 cm) and jejunum (25-50 and 50-75 cm). Water flux was different (P , 0.05) between solutions in the 0-to 25-and 25-to 50-cm segments for WP vs. CHO-E (30.7 6 2.7 vs. 15.0 6 2.9 and 3.8 6 1.1 vs. 11.9 6 3.3 ml · cm 21 ·h 21 , respectively). Furthermore, water flux differed (P , 0.05) for WP in a comparison of the 0-to 25-to the 25-to 50-cm segment. Total solute flux (TSF) was not significantly different among segments for a given solution or between solutions for a given segment. There was no difference between trials for percent change in plasma volume. These results indicate that 1) fluid absorption in the proximal small intestine depends on the segment studied and 2) solution composition can significantly effect water absorption rate in different intestinal segments. duodenum; jejunum; fluid balance; fluid absorption; solute absorption AN IMPORTANT ASPECT of fluid homeostasis during prolonged exercise is the ability to absorb ingested fluids (19), which occurs primarily in the proximal small intestine (duodenojejunum). Segmental perfusion is the most accepted technique for study of intestinal absorption of different solutions (47); however, the results only apply to the segment studied. Previous investigations (1, 17, 21-23, 26, 29, 39, 41, 46, 54) have differed in the site of perfusion (e.g., duodenojejunum, jejunum, ileum), which has led to difficulty in comparing results and drawing conclusions regarding the efficacy of various solutions. Furthermore, caution must be exercised in applying the results of direct perfusion studies to what would occur if the same solution were orally ingested.
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Recently, we developed a technique to simultaneously determine both gastric emptying (GE) and intestinal absorption (28) . This technique allows determination of intestinal water and solute flux, while also accounting for individual GE rates and alterations made by the stomach to the solution after its oral ingestion. This technique was employed in the present investigation to determine whether different segments of the proximal small intestine absorb water and nutrients at different rates.
In humans, the duodenum is defined as the portion of intestine from the pyloric sphincter to the ligament of Treitz and is 20-30 cm in length (10, 33) . It is highly permeable and presumably the site of maximal fluid movement between the alimentary canal and the blood. It is often cited as the intestinal segment responsible for bringing chyme from the stomach to isotonicity (51) . Most segmental perfusion studies bypass this segment and typically evaluate jejunal function beyond the ligament of Treitz. If the purpose of performing segmental perfusion in the jejunum is to evaluate the efficacy of ingesting the same solution, such an extrapolation may be inaccurate. In contrast to the duodenum, the jejunum consists of a less leaky mucosal epithelium with a significantly greater ability to absorb glucose (24) . Results of a pilot study from this laboratory ( Fig. 1 ) indicate significantly greater fluid absorption with ingestion of a water placebo (WP) compared with an isotonic 6% carbohydrate-electrolyte (CHO-E) beverage in the duodenum. This contrasts with previous findings (22, 23) in which primarily the jejunum was studied by the segmental perfusion technique. From these data, we questioned whether segmental differences exist for fluid and solute absorption.
Given the large osmotic gradient between water and blood, we hypothesized that absorption of water would be greater in the duodenum (first 25 cm) compared with an isotonic solution. In the jejunum (second and third 25-cm segments), where membrane resistance is greater than in the duodenum but where glucose transport is enhanced (24), we hypothesized an isotonic CHO-E beverage would have an absorptive advantage over deionized water because of CHO absorption and subsequent ''solution drag.'' To test these hypotheses, we studied water and solute absorption of two different solutions (a deionized WP and an isotonic CHO-E solution) in three consecutive segments of the proximal small intestine (,0-25, 25-50, and 50-75 cm distal to the pyloric sphincter).
MATERIALS AND METHODS
Six healthy men and one woman [age 26.0 6 9.0 yr; peak oxygen consumption (V O 2 peak ) 5 53.5 6 6.5 ml · kg 21 · min 21 ] participated in this study, which conformed to all the rules and regulations of the University of Iowa Human Use Commit-tee. Each subject gave signed informed consent and received a physical examination before participation. V O 2 peak was determined by using a graded protocol on an electronically braked cycle ergometer (The Bike, Cybex, Ronkonkoma, NY). Expired gases and ventilation were analyzed with a Q-Plex I metabolic system (Quinton Instruments, Seattle, WA). A workload corresponding to 60-65% V O 2 peak was subsequently determined and served as the exercise intensity for the experimental trials.
Subjects followed a controlled diet for 16-18 h before each experiment and were asked to limit their physical activity during this time to control preexperiment glycogen levels. The morning of an experiment, the subject arrived at the University of Iowa Hospitals and Clinics at ,5 AM after an overnight fast (at least 8 h) and was orally intubated with a nasogastric (NG) tube (50 in., 14 Fr, Levin) into the gastric antrum and a multilumen tube (construction described below) into the duodenojejunum. During tube placement the subject ingested water (,400-500 ml) to facilitate movement of the tubes and to control for preexperiment hydration status. The NG tube was attached to the multilumen tube with a small piece of thin rubber tubing so that its distal tip was 9 cm from the proximal sampling site of the multilumen tube. The rubber tubing was located 7 cm from the distal tip of the NG tube to allow the NG tube to separate from the multilumen tube in the stomach without passing into the duodenum. Tube placement was verified fluoroscopically, and contrast medium [Hypaque sodium 50%; a brand of diatrizoate sodium injection (USP)] was injected through the proximal sampling port during placement of the tube to ensure that the tube was positioned correctly. When both tubes were in position, the most proximal port of the multilumen tube was located ,5 cm from the pyloric sphincter, and the NG tube was positioned in the distal antrum.
During positioning of the tubes, an 18-gauge, 1 3 ⁄4-in. catheter was placed in a superficial arm vein for blood sampling.
After tube placement, the subject walked to the exercise physiology laboratory and sat for 20 min to allow plasma volume to equilibrate. After 20 min, blood and urine samples were collected, a rectal temperature (clinical thermometer), resting heart rate (heart rate monitor; Polar Vantage XL, Polar USA, Stamford, CT), and nude body weight were obtained, and the subject changed into cycling clothes. The subject then immediately mounted the stationary bike, and stomach contents were aspirated through the NG tube.
After stomach aspiration, the subject drank an initial bolus of test solution equaling 20% of the total volume ingested (23 ml/kg body wt). The total volume averaged 1,914 6 191 ml, and the mean initial bolus was 383 6 37 ml. Five minutes after ingestion, the subject began cycling for 85 min. Each 10-min interval thereafter, an additional amount of test solution was ingested and equaled 10% of the total experimental volume (191 6 19 ml). The experimental solutions consisted of either a 117 mM (4%) sucrose, 111 mM (2%) glucose, 17.8 meq/l Na 1 , and 3.1 meq/l K 1 beverage with an osmolality of 282 mosmol/kgH 2 O (i.e., CHO-E), or a deionized WP (osmolality 5 1.1 mosmol) flavored to match the CHO-E solution. Each solution also contained 1 mg/ml polyethylene glycol 3350 (PEG). The temperature of the solution, which was given to the subject in a clear graduated flask, was 10-15°C. Experiments were performed in a 22°C environment with a slight breeze (,2 ft /s) produced by a fan placed in front of the subject. Blood samples were drawn every 15 min to determine changes in plasma volume, osmolality, Na 1 , K 1 , and glucose. Heart rate was obtained every 15 min. Rectal temperature, nude body weight, and urine volume were recorded postexercise. Sweat rate was calculated from nude body weight change pre-to postexperiment corrected for fluid ingestion, phenol red (PR) injection, and stomach, intestinal, blood, and urine samples.
Determination of Stomach Volume, GE Rate, and Gastric Secretion
Stomach volume was determined every 10 min by using a modified version of the repeated double-sampling techniques described by George (18) and modified by Beckers et al. (2) . Gastric secretion was calculated on the basis of the formula of Murray et al. (35) in accordance with Beckers et al. (2) . Briefly, the procedure involves obtaining 5-ml gastric samples and injecting 15 ml of PR (200 mg/l) every 10 min with a 70-ml Toomey syringe. The technique is as follows: 1) a gastric sample is obtained; 2) PR is injected, mixed thoroughly with the stomach contents, and another sample is obtained; and 3) the subject ingests the test solution, the new stomach contents are mixed, and a final sample is drawn. The samples obtained in steps [1] [2] [3] where GS 10 is the volume of gastric secretion in the stomach contents after each 10-min period from the time a subject drinks to the time stomach volume is determined 10 min later. Stomach volume is that determined for the 10-min period under study, PR 10 is the PR concentration in the stomach before the stomach volume is determined (after 10 min have elapsed since drinking), and PR 0 is the PR concentration in the stomach immediately after the initial drink (10 min before). GE rate is derived by subtracting a given stomach volume from the volume that is in the stomach after the previous ingestion of beverage 10 min before.
Determination of Intestinal Absorption by Segmental Perfusion
The technique is described elsewhere (23) , but changes made to fit this protocol are as follows.
Multilumen tube specifications. The multilumen tube (Arndorfer, Greendale, WI) was 240 cm long and had five lumens, each 2 mm in diameter. At the end of the tube, a latex balloon was attached with 2-0 silk and held 1.5 ml of mercury enclosed in a double bag of latex. One lumen served to inflate the balloon, another to sample fluid from the proximal site of the test segment (,5 cm past the pyloric sphincter), and other lumens to sample fluid 25, 50, and 75 cm distal to the proximal site. These were glued together in a semirounded configuration. The sampling sites had three holes spaced 1 cm apart located at the top and bottom of the lumen, with a polyvinyl basket over one side to prevent the holes from lodging in the intestinal mucosa.
During each 10-min interval of the experiment, intestinal fluid was collected at a rate of 1 ml/min from the proximal, 25-cm, and 50-cm sampling sites, and by constant siphonage at the 75-cm sampling site. Net water flux values were calculated for each interval according to the following equations (3)
where GER is the gastric emptying rate; Q E is the flow rate entering a given segment (ml/min); Q L is flow rate leaving a given segment (ml/min); Q N is the net water movement across the wall of the segment of intestine studied (ml/min); Ṡ P is sampling rate from proximal collecting sites for each segment studied; and [PEG] s , [PEG] p , and [PEG] d are the concentrations of the nonabsorbable marker in the stomach, at the proximal site of a given segment, and at the distal site of a given segment, respectively. Individual segments along the total 75-cm test length (i.e., 25-50 cm and 50-75 cm) were calculated by subtraction after determination of flux in the 0-to 25-, 0-to 50-, and 0-to 75-cm segments, respectively. Solute flux was calculated by multiplying the solute concentration at the proximal and distal sampling sites of the 0-to 25-, 0-to 50-, and 0-to 75-cm segments and by the flow rates entering and leaving these segments. Net movement of solute in these segments was determined by using the formulas of Cooper et al. (3) . Solute fluxes in individual segments (i.e., 25-50 cm and 50-75 cm) were calculated in the same manner as described above for water flux. In the making of these calculations, negative values indicate absorption and positive values, secretion. However, for ease in presenting the results, the signs have been switched (positive values 5 absorption; negative values 5 secretion). All results were calculated after a 35-min equilibration period to allow a steady state to be reached (3, 46) . Samples were collected during the equilibration period but were not used in data analysis.
Analytical Procedures
PR concentration in the stomach samples was measured spectrophotometrically at 560 nm after dilution (0.3-ml sample in 5-ml deionized water) and alkalinization with 1 ml borate buffer (pH 9.2) (18, 48) . All samples and standards were analyzed in duplicate, with deionized water serving as a reference blank. PEG in the intestinal samples was determined by the method of Hyden (27) as modified by Malawer and Powell (32) . Osmolality was measured by using freezingpoint depression (Multi-Osmette, Precision Systems, Natick MA), Na 1 and K 1 concentrations ([Na 1 ] and [K 1 ], respectively) by flame photometry (model IL 943, Instrumentation Laboratory, Lexington MA), and CHO by high-performance liquid chromatography (Dionex DX-500 System, Sunnyvale, CA). Samples that contained sucrose were hydrolyzed with 8.75 N trifluoracetic acid before measurement to liberate glucose and fructose. This allowed for a more accurate determination of CHO flux in the intestine. Percent change in plasma volume was calculated on the basis of the method of Dill and Costill (13) .
Statistical Analysis
Data were tested for normality by using the Shapiro-Wilk test. The null hypothesis of the data, being a normal distribution, was not rejected (P . 0.05). A two-factor analysis of variance (ANOVA) with repeated measures was then used to determine 1) the effect of solution and intestinal segment on water and solute flux, 2) the effect of solution and intestinal segment on solution composition, 3) the effect of solution and time on blood and solution composition measurements, and 4) the effect of solution and time on PEG concentration at the various sampling sites. One-factor ANOVA and one-factor ANOVA with repeated measures were employed 1) when significant P values (P , 0.05) were observed in the two-factor ANOVA and 2) to compare mean values for sweat rate, percent body weight loss, urine production, rectal temperature, and heart rate. The Fisher post hoc test was utilized to identify significant differences (P , 0.05). The pilot study referred to at the beginning of this study was carried out identically to the methods described above, except that there was only a 0-to 25-cm test segment in the multilumen tube (for specifics, see Ref. 27) .
RESULTS
All subjects began the experiments in a euhydrated state on the basis of plasma osmolality values (290 6 1 mosmol/kgH 2 O for both WP and CHO-E). There were no differences in cardiovascular, fluid, or thermoregulatory measurements (sweat rate, percent body weight loss, urine production, rectal temperature, final heart rate) between the two experimental conditions (Table 1) . Fluid ingestion offset fluid losses due to sweating and sample collection (see %body weight loss, Table 1 ).
Mean GE did not differ between the two drinks (18.1 6 1.1 vs. 19.2 6 0.7 ml/min for WP and CHO-E, respectively). Mean gastric secretion rates were also not different for the two solutions (26.0 6 7.1 vs. 23.7 6 10.8 ml/10 min for WP and CHO-E, respectively). GE was maintained at a steady rate by producing a relatively constant stomach volume. There were no differences over time for stomach volume or GE in either experiment after the 35-min equilibration period (mean stomach volume postequilibration: WP 5 264 6 60 ml; CHO-E 5 240 6 43 ml) (Fig. 2) . In terms of intestinal steady-state conditions (after the 35-min equilibration period), no differences were observed in PEG concentrations at a given sampling site over time for a given solution. However, significant differences were observed in mean fluid absorption in the different segments of the small intestine for a given solution (Fig. 3) . Moreover, water flux in specific areas of the small intestine was dependent on solution composition (Fig. 3) . When the whole 75-cm segment was examined, no difference occurred in water absorption (12. (Fig. 3) . Total water absorption for the whole 75-cm segment accounted for 83 and 72% (not sigificant) of the fluid available for absorption (after correction for fluid sampled from the stomach and intestine) for WP and CHO-E, respectively. Of the fluid absorbed, 80 and 82% were retained for WP and CHO-E, respectively, when urine production ( Table 1) was taken into account. Total solute flux (TSF) was significantly different (0.8 6 0.2 vs. 4.2 6 0.3 mmol · cm 21 ·h 21 for WP and CHO-E, respectively; P , 0.05) over the entire 75 cm. TSF did not differ among segments for a given solution, or between beverages within segments, although the CHO-E solution exhibited higher rates for TSF compared with WP (Fig. 4) . The difference in TSF is primarily attributable to CHO flux for the CHO-E beverage ( Table 2) .
The osmolality of the WP increased significantly (P , 0.05) at each sampling site in the intestine as it moved distally (Fig. 5) , which was reflected in [Na 1 ] and [K 1 ] changes (Figs. 6 and 7) . These changes were smaller during the CHO-E trial, although significant increases (P , 0.05) were observed for values for this solution in the stomach and proximal sampling site compared with sites 25 cm and beyond. Net fluxes for both Na 1 and K 1 are presented in Table 2 .
Plasma volume was not significantly different between trials at any time point throughout the experiments (Fig. 8) . Plasma osmolality increased significantly (P , 0.05) during exercise in both trials but did ] increased significantly at each time point in both trials (P , 0.05), although no differences were observed between trials at these times, nor were the postequilibration mean values different between trials (4.76 6 0.06 vs. 4.81 6 0.06 meq/l for WP and CHO-E, respectively). Plasma glucose concentration was maintained throughout the exercise protocol during ingestion of CHO-E but declined significantly during the WP trial, resulting in significant differences between the two trials for the final 55 min of the experiment (mean values postequilibration 5 5.4 6 0.09 vs. 4.7 6 1.0 mM for CHO-E and WP, respectively).
DISCUSSION
This is the first study to simultaneously measure intestinal absorption from sequential segments of the proximal small intestine together with GE of beverages consumed orally during exercise. The results provide evidence that fluid absorption from a given solution varies from one segment to another and with the composition of the ingested solution. The following discussion focuses on 1) potential mechanisms to explain this differential segmental absorption (duodenal vs. jejunal), 2) the consequences of bypassing the duodenum in intestinal absorption studies, 3) gastric influences, and 4) the relationship of intestinal absorption to fluid balance, thermoregulation, and energy substrate availability. It is important to note that these experiments were performed by euhydrated, healthy subjects during cycle exercise at 60-65% V O 2 peak .
Duodenal Absorption (0-25 cm)
The duodenum is considered the most permeable portion of the small intestine to water, and its primary function is to bring either hyper-or hypotonic chyme to isotonicity through net secretion or absorption of water and diffusable ions (51) . The greater fluid absorption observed in the duodenum during ingestion of the WP compared with the CHO-E beverage is attributable to the osmotic superiority of the WP and passive movement of water down its concentration gradient. The WP entered the duodenum at an osmolality of 52 6 11 mosmol/kgH 2 O and had an osmolality of 164 6 12 (Fig. 5 ). Luminal [Na 1 ] was virtually identical between solutions at the beginning of the duodenum but rose significantly higher during ingestion of the WP compared with the CHO-E beverage (Fig. 6 ). This elevation in [Na 1 ] is due to greater Na 1 secretion and/or greater water absorption. Because net Na 1 flux in the duodenum was essentially zero (Table 2) and net water flux was significantly greater for the WP than the CHO-E beverage, the higher [Na 1 ] in the first 25 cm is attributable to initial Na 1 secretion and a high rate of water movement down an osmotic gradient of ,130-230 mosmol/kgH 2 O. Net water absorption in the presence of Na 1 secretion has also been observed in the proximal small intestine by Santangelo and Krejs (45) . K 1 fluxes were negligible in both trials and did not contribute substantially to TSF.
Water absorption values obtained in the 0-to 25-cm segment contrast with those previously observed during segmental perfusion of the duodenojejunum. Perfusion of distilled water (infusion rate 5 15 ml/min) in the distal duodenum and proximal jejunum during both rest and exercise (70% V O 2 peak ) in two previous investigations (20, 23) produced significantly lower fluid absorption rates (,8-9 ml·cm 21 ·h 21 ) compared with a CHO-E solution similar to that used in this investigation (,12-13 ml · cm 21 ·h 21 ). In the present study, water flux in the duodenum was 30 vs. 15 ml · cm 21 ·h 21 for WP and CHO-E, respectively. This discrepancy is attributable to the intestinal segment studied. In the previous reports, the test segment under study consisted primarily of the jejunum. In this, and one other recent study (44) , water absorption was greater when the duodenum was studied. Reitemeier et al. (42) also observed rapid rates of water absorption (50% in 3 min and 67% in 5 min) in the distal duodenum/proximal jejunum after infusion of labeled water (isotopic tracer method using D 2 O) into the duodenum. These rates closely resemble those of the present study (for WP, ,60% total volume absorbed in 0-to 25-cm segment). In addition, Shi et al. (49) reported water flux for a hypotonic solution exhibited the highest water absorption rates, followed by isotonic and hypertonic solutions, when water flux in the duodenum and jejunum was combined. In contrast, Santangelo and Krejs (45) perfused the stomach with water at 22 ml/min and examined water absorption in a 50-cm mixing segment, 70-cm jejunal test segment, and 70-cm ileal test segment. Their results indicated higher water absorption in the jejunum (7.2 ml · cm 21 ·h 21 ) vs. mixing segment [3.8 ml · cm 21 ·h 21 (presumably duodenum)] and the ileum (2.0 ml · cm 21 ·h 21 ). However, because their 50-cm mixing segment ended at the ligament of Treitz (start of the jejunum), and given that the duodenum is only ,25 cm long (10, 33) , the other 25 cm of this segment must have been in the stomach. Thus mixing segment water absorption actually occurred in ,25 cm rather than 50 cm, elevating water absorption in the duodenum to ,7.6 ml · cm 21 ·h 21 , which is approximately the same as that found in the jejunum.
Higher water absorption values in this study compared with those in others may also reflect high GE rates (,18-19 ml/min), which served as the infusion rate when water flux was calculated (52) . Most investigators who use segmental perfusion employ infusion rates of 10-15 ml/min.
Jejunal Absorption (25-50 cm and 50-75 cm)
Net fluid absorption significantly decreased for the WP beverage in the second 25-cm segment of the intestine but remained unchanged for the CHO-E beverage, resulting in significantly more fluid absorption from the CHO-E. This finding is attributable to three factors: 1) the WP had a lower flow rate to this segment due to higher water absorption in the duodenum; 2) the osmotic gradient for the WP was reduced compared with the duodenum (,100 mosmol/kgH 2 O increase in luminal osmolality from the proximal sampling site in the duodenum to proximal sampling site in the jejunum ; Fig. 5) ; and 3) the WP did not contain CHO, which limited total solute absorption compared with the CHO-E beverage (Fig. 4) . Other studies have also found CHO-E solutions to be absorbed faster than plain water in the jejunum (20, 23, 31) . This finding is attributable to enhanced passive water movement in response to increased net solute absorption. Solute flux values are shown in Table 2 (Na 1 , K 1 , and CHO) and Fig. 4 (TSF) . As expected, the CHO-E beverage produced greater TSF, the majority coming from CHO absorption, allowing sustained fluid absorption in the jejunum compared with the WP. This has been termed ''solute drag,'' ''solvent drag,'' and solution drag and was first proposed by Curran (8) and Curran and Macintosh (9) . Schedl and Clifton (46), Sladen and Dawson (53) , and Fordtran (16) further demonstrated the stimulatory effect of glucose on Na 1 and water transport in the jejunum. Recently, Fine et al. (15) reported that the mechanisms responsible for this increased absorption are 1) forceful osmotically driven water movement that ''pulls'' small hydrophilic solutes through trans-and/or paracellular routes (i.e., solvent drag), and 2) the creation of a concentration gradient (created by osmotically driven water absorption) that allows for passive solute movement independent of water flow. Shi et al. (50) have also reported a close relationship between water absorption and solute absorption in the duodenojejunum, especially when multiple transportable substrates are present (i.e., glucose, sucrose, glycine, Na 1 ). The maintenance of fluid and solute absorption in this segment for the CHO-E beverage can also be explained by the findings of Harig et al. (24), who showed that D-glucose uptake is greater in jejunal compared with duodenal brush border membrane vesicles.
By the final 25-cm segment (50-75 cm), 66% of the WP and 53% of the CHO-E beverage were absorbed, which presumably reduced the flow rate of each to this segment and explains the significant decline in fluid absorption compared with their highest values (0-to 25-cm segment). Furthermore, the osmotic gradient basically disappeared by the end of this segment for the WP beverage (WP 5 ,260 mosmol/kgH 2 O; Fig. 5 ). There were no differences between the two beverages for fluid absorption in this segment. In the entire 75-cm segment, ,75% of the ingested volume of each solution (minus volume withdrawn for sampling) was absorbed with no differences in total water absorption between solutions.
Using the isotopic tracer technique (D 2 O), Davis et al. (12) also observed similar rates of fluid replacement between an isotonic CHO-E beverage and distilled water during cycle exercise in the heat (2 h at 75% V O 2 peak ; 27°C) . In contrast, Leiper et al. (30) and Davis (11) found that isotonic CHO-E solutions were absorbed more readily than water in resting subjects by using this method. It is important to note that isotopic tracer studies do not examine net flux of fluid, only unidirectional flux from intestinal lumen to blood.
It is apparent that had the jejunum been studied exclusively, and the duodenum bypassed, the present results would have been misleading. Interpretation of absorptive efficacy of the beverages (on the basis of only jejunal data) would have favored the CHO-E beverage. However, when duodenal data are considered, fluid absorption was greater for the WP, and thus overall absorption of each beverage indicates no distinct advantage for either.
Gastric Influence
Individual GE rates served as infusion rates to calculate water and solute flux. Mean gastric volumes of ,250 ml maintained GE rates of 18-19 ml/min, which agree with other studies using this technique (28, 44) and are comparable with other repeateddrinking studies (34, 40, 41, 43) . These rates were somewhat higher than infusion rates in most segmental perfusion studies (i.e., 10-15 ml/min). As previously noted, this may increase water and solute absorption in the intestine (52) . Maintenance of a moderate to high gastric volume ensures a high rate of GE (38) . For instance, Mitchell and Voss (34) reported a GE rate of 18.9 ml/min after ingestion of ,430 ml of a 7.5% CHO solution every 15 min during 2 h of cycle exercise at 70% V O 2 peak . Rehrer et al. (40, 41) report emptying rates of 14-16 ml/min with ingestion of 8 ml/kg initially (,600 ml) and 2-3 ml/kg (,150-200 ml) at 20-min intervals of a 4.5% glucose solution, an isotonic sucrose (6%) drink, or water during cycling at 70% V O 2 peak . Subjects in a study by Ryan et al. (43) (14) observed GE rates for water of .40 ml/min after infusion of 750 ml into the stomach with subsequent infusions of ,180 ml every 10 min. Rates of gastric secretion in the present study were minimal for both solutions (26.0 6 7.1 vs. 23.7 6 10.8 ml/10 min for WP and CHO-E, respectively). These rates compare favorably with other recent studies using similar solutions (28, 35 ) and likely did not significantly impact GE. Furthermore, after a 35-min equilibration period, gastric secretions did not significantly alter the osmolality, [Na 1 ], or [K 1 ] of the ingested solutions (Figs. 6-8 ).
Fluid Homeostasis, Thermoregulation, and Substrate Availability
Whereas water absorption differed among the intestinal segments and solutions in certain segments, there were no differences in overall water retention, percent change in plasma volume (Fig. 8) , or plasma osmolality. Nor were differences observed between solutions for sweat rate, percent body weight loss, urine production, final rectal temperature, or final heart rate ( Table 1) . Within the 75-cm segment studied, our calculations accounted for the absorption of 83 vs. 72% of the ingested volume for the WP and CHO-E beverages, respectively. After urine production was substracted from results of each trial, 80 and 82% of the absorbed volume was retained for WP and CHO-E trials, respectively. This indicates that although the WP beverage was absorbed earlier in the small intestine than the CHO-E beverage, it does not improve fluid homeostasis or thermoregulatory function compared with the CHO-E beverage. Segmental perfusion data do not indicate the overall efficacy of a beverage. Studies examining intestinal absorption should also determine fluid retention together with plasma volume changes, and possibly body fluid shifts.
Plasma glucose concentrations were significantly lower throughout exercise in the WP compared with the CHO-E trial. Absorption of CHO by all segments of the intestine in the CHO-E trial promoted maintenance of plasma glucose concentrations throughout the experiment. Eighty-eight grams of CHO were absorbed within the 75-cm segment studied, or ,1 g/min. This rate meets the maximal blood glucose oxidation rate during prolonged exercise (25) . Although performance was not measured in these experiments, ingestion of CHOcontaining solutions during prolonged exercise can improve endurance and enhance performance probably through the maintenance of plasma glucose concentration (5-7, 12, 36, 37) .
In summary, significant differences exist in intestinal absorption between solutions and among segments in the proximal small intestine. In the duodenum, fluid from the WP beverage is absorbed quickly by movement down a large osmotic gradient despite the possibility of electrolyte secretion. In the jejunum, fluid absorption from the WP beverage is significantly reduced compared with the CHO-E solution, which stimulates greater solute flux, thus promoting greater fluid absorption. Furthermore, these data argue for the inclusion of the duodenum in segmental perfusion studies designed to evaluate the efficacy of oral rehydration solutions because this segment of the intestine plays such a crucial role in fluid absorption. Finally, conclusions drawn from studies that only examine jejunal absorption of a beverage may be misleading when extrapolated to assess the overall effect on fluid homeostasis with oral ingestion of the same beverage.
